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Abstract 
Development of the root is a major step in the rapid 
propagation of plants under in vitro conditions. In the 
present study, an efficient and rapid protocol was developed 
for the in vitro regeneration of Azadirachta indica through 
axillary shoot proliferation in nodal segments collected from 
mature trees. For axillary shoot proliferation nodal explants 
were inoculated on MS medium supplemented with different 
concentration of BAP + additives. Maximum 100% axillary 
shoot proliferation with 3.95 number of shoot regenerated 
and 3.60 cm length of regenerated shoots was obtained on 
MS medium supplemented with BAP 8.88 µM. In vitro 
regenerated shoots were further multiplied on MS medium 
supplemented with different concentration of BAP + 
additives. Best shoot multiplication in terms of 4.80 number 
of shoot and 3.95 cm length of regenerated shoots was 
observed on MS medium supplemented with 4.44 µM BAP. 
For in vitro rooting, regenerated microshoots were cultured 
on MS medium supplemented with different concentration 
of tryptophan + additives. The highest rooting percent 
(100%), number of roots (10.30) and mean root length (6.33 
cm) was observed on MS medium supplemented with 
146.89 µM tryptophan within 7-8 days of inoculation. The 
in vitro rooted plantlets were successfully hardened and 
acclimatized in poly house. These plants showed a good 
survival rate of 95% under field conditions. 
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Introduction 
Azadirachta indica A. Juss (Neem) is a versatile Indian 
tree of great importance, belonging to the family Meliaceae, 
is native of India and is widely cultivated in India. Besides 
being a popular avenue tree with a large crown, the wood of 
neem has been used as timber for house building, furniture 
and other domestic and agricultural tools. The timber is 
reported to work well with hand and machine tools (Tewari 
1992). Its wood resembles teak in strength and is more 
resistant to shock, fungi and insect attack (Thengane 1995). 
Azadirachta indica is renowned for its insecticidal 
properties and neem seed extracts show great potential as 
environmentally acceptable bioinsecticides for crop 
protection (Schmutterer 1990). Neem owes these properties 
due to the presence of several bioactive compounds, the 
most prominent is azadirachtin. Azadirachtin is the major 
bioactive chemical present in neem kernels. Azadirachtin 
shows antifeedant and growth regulatory activities against a 
wide range of insects (Ley et al. 1993). Azadirachtin yields 
are variable and dependent on plant ecotype and 
environment (Ermel et al. 1986; Singh 1986). The 
development of simple and rapid methods for the production 
of uniform neem populations with high azadirachtin yields is 
desirable. 
To meet the economic demand of the neem tree, an 
efficient propagation technique is required for large 
quantities and good quality of planting materials. Vegetative 
propagation of an adult neem tree by conventional methods 
is difficult (Kaushik 2002). Therefore, it is normally grow 
from seeds but the seeds are recalcitrants, than they lose 
viability within 2-3 weeks (Mohan Ram et al. 1996). 
Propagation by seeds is also undesirable because of the 
highly heterozygous nature of the plant owing to cross-
pollination and enormous heterozygosity. Moreover, the 
reproductive phase of neem normally begins after 5 years of 
seed propagation (Koul et al. 1990; Schmutterer 1990), so 
one has to wait for a long time to obtain seeds and fruits. 
Due to the difficulty in germination of neem seeds, in vitro 
propagation techniques are important for this plant, as they 
allow for selection and rapid multiplication of high-value 
phenotypes (Quraishi et al. 2004). 
Auxin has been known to be intimately involved in the 
process of adventitious root formation (Wiesman et al. 1989; 
Schmutterer 1990) and the interdependent physiological 
stages of the rooting process are associated with changes in 
endogenous auxin concentrations (Gaspar et al. 1997). 
Auxin has been studied extensively for decades, its main 
biosynthetic route in plants has been revealed by 
Mashiguchi et al. (2011) and Won et al. (2011). Auxins are a 
group of tryptophan derived signals, which are involved in 
most aspects of plant development (Woodward and Bartel 
2005). Synthesis of auxin involves two pathways with 
tryptophan dependent and tryptophan independent pathway 
(Woodward and Bartel 2005). 
A recent breakthrough in the field of auxin biosynthesis 
has been the discovery that the major source of auxin 
(indole-3-acetic acid, IAA) is generated by a remarkably 
straightforward two step pathway starting with the amino 
acid tryptophan (Trp) (Stepanova et al. 2008; Tao et al. 
2008; Yamada et al. 2009; Mashiguchi et al. 2011; 
Stepanova et al. 2011; Won et al. 2011). Indole-3-acetic acid 
(IAA), the main auxin produced by plants, is known to be 
synthesized de novo using tryptophan (Trp) as a precursor or 
using a Trp-independent pathway (Zhao 2010). IAA can be 
produced via tryptophan (Trp)-independent and Trp-
dependent pathways (Chandler 2009; Normanly 2010; Zhao 
2010). The Trp-independent auxin biosynthesis pathway is 
not well characterized, but seems to be operational in plants, 
although its biological relevance is not clear (Wright et al. 
1991; Normanly et al. 1993; Ouyang et al. 2000; Ehlert et al. 
2008). The Trp-dependent pathways are better denied and 
appear to be the developmentally important source of auxin. 
It has been clearly demonstrated that Trp-dependent auxin 
biosynthesis is essential for embryogenesis, seedling growth, 
flower development, vascular pattern formation, and other 
developmental processes (Cheng et al. 2006; Cheng et al. 
2007; Stepanova et al. 2008; Tao et al. 2008). 
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For standardization of micropropagation protocol, 
induction of early rooting is major step. For this tryptophan 
was added for early induction of in vitro rooting. 
Tryptophan is known to be a physiological precursor of 
auxins in higher plants. The earlier study revealed that 
tryptophan has more positive effect on plant growth and 
yield as compared to pure auxins (Zahir et al. 1999). 
Tryptophan may act as an osmolyte, ion transport regulator, 
modulates stomatal opening and detoxify harmful effects of 
heavy metals (Rai 2002). The role of the amino acid 
tryptophan in stimulating the growth of several species was 
studied by Russell (1982) who reported that the increase in 
growth as a result of tryptophan application may be due to 
its conversion into IAA. Attoa et al. (2002) on Iberis amara 
L., Talaat et al. (2005) on Chatharanthus roseus L. and 
Abou Dahab and Abd El-Aziz (2006) on Philodendron 
erubescens reported that spraying plants with the amino acid 
tryptophan increased plant growth. There is no report on role 
of tryptophan on rooting in microshoots. 
Earlier, in vitro regeneration of Azadirachta indica 
through axillary shoot proliferation has been reported by 
Arya et al. (1995), Islam et al. (1997), Arya and Arya 
(1998), Venkateswarlu et al. (1998), Chaturvedi et al. 
(2004), Quraishi et al. (2004) and Arora et al. (2010). The 
limited success to develop efficient and rapid 
micropropagation protocol had been recorded. In the present 
investigation, making use of earlier study, success has been 
achieved in development and standardization of 
micropropagation protocol using axillary shoots 
proliferation. 
In present investigation, the main objective was to study 
the effect of tryptophan on early rooting of in vitro 
regenerated microshoots and to establish a procedure which 
can be used routinely to induce early rooting and produce 
complete plantlets in a short period of time. 
 
Materials and methods 
 
Plant materials 
The selection of tree is done based on vegetative 
characters (i.e., general growth, girth of the main stem at 
breast level, plant height, straightness of the stem and crown 
diameter) and reproductive characters (i.e., regeneration 
ability, initiation of leaf fall, initiation of new leaves, 
initiation of flowering, number of flower, initiation of 
fruiting, number of fruits/bunch and fruiting period), seed 
traits 100 seed weight (g), oil percentage, seed viability and 
azadirachtin percentage. The nodal segments were collected 
from selected tree, which is naturally growing at Forest 
Genetics and Tree Breeding Field, Jodhpur (Fig. 1A). In the 
present investigation semi mature nodal segment was used 
as explants for culture initiation and regeneration of in vitro 
plantlets. 
 
Explant preparation and surface sterilization 
The nodal segments collected from mature trees were 
washed under running tap water to remove dirt and 
superficies impurities. The explants were washed in RO 
water (Milipore RiOS5) with 2-3 drops of Tween-80 and 
were shaken for 5-10 min, then rinsed with autoclaved RO 
water for 3-4 times. In aseptic condition, explants were 
treated with 0.1% (w/v) Bavestin and 0.1% (w/v) 
streptomycin for 8-10 min to reduce the chance of fungal 
and bacterial contamination. After, explants were rinsed 
with autoclaved RO water for 3-4 times. Finally, the 
explants were surface sterilization with 0.1% (w/v) HgCl2 
for 6 min. After treatment, they were rinsed with autoclaved 
RO water for 3-4 times. 
 
Nutrient media and culture conditions 
MS (Murashige and Skoog 1962) medium supplemented 
with BAP (0.00, 0.44, 2.22, 4.44, 8.88 and 17.75 µM) with 
sucrose (3%), ascorbic acid (100 mg/l), citric acid (50 mg/l), 
adenine sulphate (80 mg/l), ammonium sulphate (80 mg/l), 
cystine (10 mg/l), glutamine (10 mg/l) and proline (10 mg/l) 
were used for culture initiation and amplification of cultures. 
Agar-agar was added to medium as gelling agent at the 
concentration of 0.6% (w/v). The pH of the medium was 
adjusted to 5.8±0.2 with 1N NaOH and the medium was 
autoclaved at ≈1.0 kgf cm-2 and 121°C for 15 min. The 
culture initiation and amplification were done aseptically in 
laminar air flow hood. Culture was incubated in tissue 
culture racks in aseptic growth room having a temperature 
of 26±2°C in photoperiod of 16 h light and 8 h dark and 
1600 lux intensity light via white cool florescent tube 
(Philips, India). 
 
In vitro rooting of microshoots 
In vitro regenerated microshoots from established 
cultures (longer than 2-4 cm) were harvested from clumps 
and transfer singly to medium for rooting. Individual 
microshoots transfered to MS medium were enriched with 
tryptophan (0.0, 48.96, 97.92, 146.89, 195.85 and 244.82 
µM) + additive ascorbic acid (100 mg/l), citric acid (50 
mg/l), adenine sulphate (80 mg/l), ammonium sulphate (80 
mg/l), cystine (10 mg/l), glutamine (10 mg/l) and proline (20 
mg/l). 
The in vitro rooted microshoots were removed from 
culture vessels and washed with autoclave RO water to 
remove adhered nutrient agar. These were carefully 
transferred to jam bottles containing autoclaved vermiculite 
moistened with ½MS salts. The bottles were capped and 
kept for 2 weeks under growth room conditions for in vitro 
hardening. After 2 weeks, jam bottles containing 
regenerated plants were kept in poly house near the pad 
section (RH 80-90% and temperature 28±2°C) in order to 
harden the plantlets. 
 
Hardening and acclimatization of in vitro regenerated 
plantlets 
One week after the transfer of in vitro raised plantlets to 
poly house, the caps of jam bottles were gradually opened 
over a period of 2 weeks and were finally removed. Bottles 
containing plantlets were shifted from the pad section 
towards the fan section to provide growing conditions of 
low humidity (50-60%) and high temperature (30±2°C). 
After 4 weeks, plantlets were transferred to poly begs 
containing a mixture of soil + sand + FYM (1:1:0.5). Such 
plantlets were kept in the poly house for 3-4 weeks, shifted 
to agroshade house and then to opened environment (Fig. 
1F). 
 
Experimental design and statistical analysis 
The data were analyzed through an analysis of variance 
using statistical package for social sciences (SPSS 14.0). 
BAP and tryptophan was taken as an independent (fixed) 
factor with five levels, whereas axillary shoot bud 
proliferation, number of shoot regenerated, length of 
regenerated shoots (cm), root number, root length (cm) and 
rooting percentage (%) were taken as dependent variables. 
For the analysis, under the null hypothesis, the dependent 
variables were not affected significantly by the fixed factors 
and their interactions. All the significant main effects and 
their interaction were studied. Duncan Multiple Range Test 
(DMRT) at p ≤ 0.05 was used to compare the means from 
main effects. Minimum of 4 replicates with 5 samples (one 
explant) were taken per treatment and the experiments were 
repeated thrice. Degree of variations was shown by Mean 
 and standard error. The data given in percentages were 
subjected to arcsine √X) transformation
Cochran 1967) before statistical analysis.
 
Results and discussion 
 
Axillary shoot bud proliferation 
The supply of growth regulators promoted the 
production of shoots from the axillary buds of nodal 
explants cultured on MS medium. 
induction percentage and number of sho
to addition of cytokinins in the medium
conditions, as cytokinin promotes chloroplast development, 
synthesis, increases cell expansion in leaves and increase 
nutrient sink activity, promotes cell division and organ 
development. The percent axillary shoot proliferation also 
indicates explant compatibility to 
(PGRs) concentration. 
BAP is one of the most commercial cytokinin to 
reinvigoration of mature tissues 
induction, a prerequisite for cloning of mature trees (Bonga 
and von Aderkas 1992; Zhang et al. 2010; 
2010; Singh and Tiwari 2012; Rathore et al. 2013
present investigation, the results showed that the 
concentration of BAP has significant effect on 
proliferation percent (F5, = 13.67, p <
regenerated (F5, = 16.24, p < 0.00) and length of 
shoots (F5, = 18.99, p < 0.00). The
proliferation percent (100%), number of shoot regenerated 
(3.95) and length regenerated shoots (3.60 cm) was observed 
in explants inoculated on MS medium supplemented with
8.88 µM BAP (Table 1) (Fig. 1B). R
shoot proliferation was also reported by 
(1998), Arya and Arya (1998) and Quraishi et al
Azadiracha indica. 
 
Table 1. Effect of cytokinin (BAP) in MS medium on axillary bud 
proliferation using nodal explants of Azadirachta indica
BAP  
(µM) 
 
Axillary bud 
proliferation  
(%) 
Number of shoot 
regenerated
 
0.00 20.00 (26.56)*d 0.35±0.17
0.44 45.00 (42.12)cd 1.05±0.28
2.22 65.00 (54.22)c 2.00±0.40
4.44 90.00 (76.08)ab 3.15±0.38
8.88 100.00 (88.72)a 3.95±0.29
17.75 65.00 (57.66)bc 2.25±0.39
Mean 64.17 (57.56) 2.13±0.17
ANOVA (Analysis of variance) 
DF 5 5 
F - value 13.67 16.24 
P - value 0.00 0.00 
*
 Arc sine values in parentheses. Values within the column followed 
by different letters significantly different at 
determined using Duncan’s multiple range test. A value represents 
mean ± standard error. Data recorded after 4 weeks.
 
The role of BAP on axillary bud proliferation percent
from mature nodal explants has been well documented in 
number of woody tree species like 
(Phulwaria et al. 2011) and Terminalia
et al. 2012). BAP may reinvigorate the mature tissues and 
stimulate the synthesis of endogenous cytokinin, 
eventually promotes better shoot bud proliferation 
2010). BAP is very effective for reinvigoration and shoot 
bud induction from mature tissues in 
et al. 2010), Terminalia bellirica (Phulwaria et al. 2012), 
Caralluma edulis (Patel et al. 2014) possibly due to stability 
of BAP and as it is easily metabolized by plant tissue 
(Letham and Palni 1983). 
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d
 0.19±0.09e 
d
 0.99±0.26d 
c
 1.88±0.40c 
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 2.75±0.30b 
a
 3.60±0.11a 
bc
 2.02±0.36bc 
 1.90±0.15 
5 
18.99 
0.00 
p ≤ 0.05 level as 
 
 
Salvedora persica, 
 catappa (Phulwaria 
which 
(Rai et al. 
Pinus radiata (Zhang 
Figure 1. In vitro micropropagation of 
(A) Azadirachta indica tree in natural conditions. (B) Axillary 
shoots proliferation on MS + 8.88 µM BAP + additives
shoot multiplication on MS + 
vitro rooting on MS medium + 146.89
(E) Root development during hardening of plantlets. (F) Tissue 
culture raised plants of Azadirachta indica
 
Shoot multiplication 
Shoot multiplication is the major criterion for successful 
commercial micropropagation and the multiplication rate 
achieved at this stage determines the feasibility of 
propagation of a given plant species. The rate of 
multiplication is affected by
growth regulator, physiological status of plant material, 
culture medium and culture environment. In tissue culture 
one of the main functions of cytokinin is to release axillary 
buds from suppression by apical dominance thu
shoot proliferation. In vitro
multiplied by transferring them to comparatively lower 
concentration of cytokinin (
cytokinin incorporated in the medium for shoot bud 
induction, may accumulate in the tissues which may 
suppress further growth and multiplication o
(Malik et al. 2005). 
In the present study, the results showed that 
concentration of BAP has 
shoot regenerated (F5, = 10.19, 
regenerated shoots (F5, = 10.35, 
number of shoot regenerated (4.80) and 
regenerated shoots (3.95 cm)
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Azadirachta indica (Neem). 
. (C) In vitro 
4.44 µM BAP + additives. (D) In 
 µM tryptophan + additives. 
. 
in vitro 
 numerous factors, such as plant 
s initiating 
 raised shoots were further 
e.g., BAP) because initial high 
f cultures 
the different 
significant effect on number of 
p < 0.00) and length of 
p < 0.00). The highest 
length of 
 was observed on MS medium 
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supplemented with 4.44 µM BAP (Table 2) (Fig. 1C). 
Significant role of BAP in shoot multiplication was also 
reported by Quraishi et al. (2004) in Azadiracha indica. The 
promoter effect of BAP on shoot multiplication has been 
reported earlier in other medicinally important plant species 
such as Zingiber officinale (Balachandran et al. 1990), Piper 
spp. (Bhat et al. 1995), Houttuynia cordata (Handique and 
Bora 1999) and Curcuma longa (Rahman et al. 2004). 
 
Table 2. Effect of cytokinin (BAP) in MS medium on in vitro shoot 
multiplication of Azadirachta indica. 
BAP 
(µM) 
Number of shoot 
regenerated 
Length of regenerated 
shoots (cm) 
0.00 1.86±0.14d 1.01±0.07d 
0.44 2.50±0.15cd 2.32±0.16c 
2.22 3.23±0.32bc 2.97±0.35bc 
4.44 4.80±0.33a 3.95±0.21a 
8.88 4.05±0.34ab 3.79±0.28ab 
17.75 3.75±0.19b 3.43±0.35ab 
Mean 3.66±0.15 3.22±0.15 
ANOVA (Analysis of variance) 
df 5 5 
F - value 10.19 10.35 
P - value 0.00 0.00 
Values within the column followed by different letters significantly 
different at p ≤ 0.05 level as determined using Duncan’s multiple 
range test. A value represents mean ± standard error. Data recorded 
after 6 weeks. 
 
In vitro rooting 
Rooting is the most crucial step particularly for the 
shoots originated from mature plants. Success of the 
protocol also depends on frequency of root induction, 
quality and quantity (e.g., number roots and root length) of 
roots. In the present study we had tried to induce 
endogenous level of auxin. For this tryptophan was tried in 
MS medium for in vitro root induction. The role of 
tryptophan is well known, it has an indirect role on the 
growth via its influence on auxin synthesis for root 
induction. Tryptophan is one of the essential amino acid that 
can increase root growth and increase the level of 
endogenous auxin (e.g., IAA), which is helpful in rooting of 
plants. In the present investigation, the data revealed that 
when tryptophan gradually increased from 48.96 µM to 
146.89 µM in the MS medium, it increases rooting potential 
(i.e., induction of rooting, number of root and root length) of 
in vitro regenerated shoots from 5% to 100%. The results 
showed that the different concentration of tryptophan in MS 
medium significantly affected rooting percent (F5, = 22.62, p 
< 0.00), number of roots (F5, = 17.41, p < 0.00) and root 
length (F5, = 10.65, p < 0.00). The highest rooting percent 
(100%), number of roots (10.84) and root length (6.66 cm) 
were observed in MS medium supplemented with 146.89 
µM tryptophan within 7-8 days of experiment (Table 3) 
(Fig. 1D). During hardening of in vitro regenerated plantlets, 
tryptophan increase number and length of regenerated roots 
(Fig. 1E). It is the first report for obtaining in vitro rooting 
using tryptophan in MS medium. 
Phillips (1971) reported that alternative routes of IAA 
synthesis exist in plants, all starting from tryptophan. Thus, 
when tryptophan is supplied to some plant tissues, IAA is 
formed and it helps the induction and growth of roots. 
Addition of tryptophan is helpful for the differentiation of 
embryogenic callus (Bano et al. 2005). Also the effect of the 
amino acid tryptophan has been reported by Shahsari 
(2011). This author reported that rice plantlet regeneration 
frequency was significantly increased when an appropriate 
level of tryptophan was added to culture media, the optimum 
being 100-200 µM. The positive effect of tryptophan was 
reported on the tissue culture system of rice by Siriwardana 
and Nabors (1983) and Chowdhry et al. (1993). Talaat et al. 
(2005) reported that photosynthetic pigments (chlorophyll a, 
b and carotenoids) in the leaves were increased as a result of 
application of tryptophan in Catharanthus roseus L. 
In the present study, we observed that tryptophan 
induces early rooting with increase in rooting potential 
(number of roots and root length). It also increases growth 
of shoot and more number of roots as compared to auxin 
with reduction in cost. It was also observed that tryptophan 
increases growth and development of root during hardening. 
 
Table 3. Effect of tryptophan concentration in MS medium on in 
vitro rooting of Azadirachta indica. 
Tryptophan 
(µM) 
Rooting  
(%) 
Number of  
roots 
Root length 
(cm) 
0.00 5.00 (7.60)*c 2.00±0.00d 1.00±0.00c 
48.96 25.00 (26.58)c 5.42±0.83c 3.49±0.49b 
97.92 95.00 (82.40)a 7.55±0.50b 4.11±0.37b 
146.89 100.00 (88.72)a 10.84±0.73a 6.66±0.56a 
195.85 60.00 (51.34)b 5.00±0.45c 4.01±0.50b 
244.82 50.00 (45.28)b 4.79±0.33c 2.79±0.42b 
Mean 55.83 (50.32) 6.63 4.12 
ANOVA (Analysis of variance) 
df 5 5 5 
F - value 22.62 17.41 10.65 
P - value 0.00 0.00 0.00 
*
 Arc sine values in parentheses. Values within the column followed 
by different letters significantly different at p ≤ 0.05 level as 
determined using Duncan’s multiple range test. A value represents 
mean ± standard error. Data recorded after 4 weeks. 
 
Conclusion 
Rooting under in vitro conditions is a major step in the 
development of a protocol for propagation of plants. In the 
present finding, tryptophan plays an important role in the 
achieving of early rooting. This may be helpful in difficult 
to root species. 
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